Accurate characterization of particulate matter (PM) exposure in young children is difficult, because personal samplers are often too heavy, bulky or impractical to be used. The Pretoddler Inhalable Particulate Environmental Robotic (PIPER) sampler was developed to help address this problem. In this study, we measured inhalable PM exposures in 2-year-olds via a lightweight personal sampler worn in a small backpack and evaluated the use of a robotic sampler with an identical sampling train for estimating PM exposure in this age group. PM mass concentrations measured by the personal sampler ranged from 100 to almost 1,200 μg/m 3 , with a median value of 331 μg/m 3 . PM concentrations measured by PIPER were considerably lower, ranging from 14 to 513 μg/m 3 with a median value of 56 μg/m 3 . Floor cleaning habits and activity patterns of the 2-year-olds varied widely by home; vigorous play and recent floor cleaning were most associated with higher personal exposure. Our findings highlight the need for additional characterization of children's activity patterns and their effect on personal exposures.
INTRODUCTION
Personal exposure to particulate matter (PM) is an area of concern, owing to its role in the development and exacerbation of asthma, wheezing, and other respiratory problems. [1] [2] [3] [4] [5] Children in the United States may spend as much as 90% of their time indoors, 6 making accurate characterization of indoor PM exposure an important component of estimating total exposure. Indoor PM has many sources, including resuspension of settled dust from the floor as people walk. 7 For very young children who spend much of their time playing on the floor and, consequently, have their breathing zones close to the floor, resuspension of particles due to movement is likely to be an especially important contributor to overall PM exposure. Higher concentrations of resuspended particles have been shown to be associated with increased asthma levels as well. 8 Personal PM monitoring is considered a better method to estimate actual exposure than stationary monitoring [9] [10] [11] and has been applied to adults and older children. 12 However, personal monitoring with young children ( o4 years old) is difficult due to the weight of the sampling equipment and tendency of very young children (o 2 years old) to try to put the sampling equipment in their mouths. The Pretoddler Inhalable Particulate Environmental Robotic (PIPER) sampler was developed to provide a more robust estimate of PM exposure in children. 13, 14 PIPER is an autonomous robot that moves at different speeds to simulate crawling, walking, and running by young children, and it can be equipped with various air sampling equipment. Instrument inlets are attached to a lift, which changes height according to a prescribed program to simulate breathing zone changes in children of different age groups and gender as they play.
Previous work 13, 15 has shown that PIPER consistently observes higher levels of PM mass and number concentration compared with a stationary sampler due to the resuspension of particles from the floor and closer proximity of its samplers to the floor. However, PIPER's measurements have not previously been compared directly with exposure measurements by a personal sampler, for the practical reason that placing sampling equipment on young children can be challenging. In this study, we sought to compare PIPER's PM measurements directly with short-term (2 h) personal sampling measurements and to explore the following questions:
Board reviewed and approved the study, and each parent signed an informed consent form before sampling began. The study was designed to have adequate power with 50 homes sampled to be able to detect a 10% difference in the measured mean between PIPER and personal sampler with a β of 90% and an α of 5.0%. The sample size calculation was performed using STATA Version 11.2 (STATA, College Station, TX, USA). Sampling (~4.5 h) took place by appointment during one in-home visit. Parents were asked to do no special cleaning before the appointment but to maintain their usual cleaning routine. A summary of demographic and other relevant data for the homes can be found in Supplementary Table 1. A Button inhalable aerosol sampler (model #225-360, SKC, Eighty Four, PA, USA) with a Teflon filter (3.0 μm pore size) was attached to the front strap of a small backpack (Figure 1, left) . This configuration placed the Button sampler~15-30 cm away from the child's mouth and nose when the backpack was worn, that is, the Button sampler was inside the child's personal breathing zone. The Button sampler is designed to be operated at 4 l/min, to ensure even distribution of particles on the filter and conforms to inhalable sampling convention, 16 that is, its aspiration efficiency is close to 100% and gradually decreases to 50% for 100 μm particles. 17 A personal sampling pump (Air-Check, SKC) was enclosed in a sound-insulating jacket and placed inside the backpack, to provide airflow for the Button sampler. The backpack and sampling equipment together weighed~0.5 kg.
At each house, sampling took place in the room identified by the parent or caregiver as the child's main play area. First, the child wore the backpack for 2 h while undertaking his/her normal activities. The child was encouraged to stay in the room for as much of the 2 h as possible, although short breaks outside the room were allowed. During the sampling, the parent or guardian of the child was administered a questionnaire about the child's health, characteristics of the home's structure and utilities, house cleaning routines, and various aspects of the child's normal daily routine including routine play activities in the sampled room (e.g., playing with blocks, watching TV, eating, and doing gymnastics).
At the end of the play period, researchers recorded two measures of the children's activities. First, children's behavior was broadly categorized based on their breathing zone position relative to the floor. Researchers estimated the percentage of the time period that the child spent in three different positions while wearing the personal sampling equipment: sitting on the floor (including lying prone/supine, crawling, and kneeling), sitting off the floor (on a sofa or chair), and being upright on the floor (standing, walking, and running). Second, researchers recorded the play activities conducted by the child during sampling.
After the personal sampling was completed, the room air was sampled with PIPER ( Figure 1, right) . The PIPER sampling system and its features have been described previously. 8, [13] [14] [15] 18, 19 Sampling with PIPER was done separately from the personal sampling for logistical reasons; most children were uncomfortable with PIPER and would probably have altered their playing habits if PIPER was moving in the same room. During sampling by PIPER, subjects and family were asked to leave the room. Small furniture and objects were removed from the floor to create an open area for PIPER movement and sampling. Using a gender-matched movement profile for a 2-year-old (Supplementary Table 2 ), PIPER was then run for 2 h according to a pre-programmed motion pattern designed to approximate the level of activity and the average amount of time that 2-year-olds spend at different breathing zone heights. PIPER was equipped with two identical Button samplers (SKC) and two pumps: a standard sample was collected with an Air-Check pump (SKC) operated at 4 l/min and a high flow sample was collected with a Leland Legacy pump (SKC) operated at 10 l/min. The samplers were operated at 4 and 10 l/min to compare performance of the sampler at different sampling flow rates, potentially allowing for the use of a higher flow rate if needed. Each Button sampler was attached to PIPER's lift, which is automatically raised and lowered according to the operating profile to simulate the changes in height of a child's breathing zone as he or she lies down, sits, or stands.
Before sampling, filters were weighed on a microbalance after equilibrating at 21°C and 33% relative humidity for at least 24 h. After sampling, filters were allowed to equilibrate again before being reweighed. Blank filters, which remained in the weighing room, were weighed along with the sample filters, with an average difference of ± 1.25 μg between pre-and post-sampling weighings. This is equivalent to ± 0.9% of the final net weight of the median filter among the filters placed in the personal sampler, ± 4.6% of the weight of the median filter from the 4 l/min sampler on PIPER, and ± 2.1% of the weight of the median 10 l/min filter. Based on this small difference and inconsistent sign, sample filter weights were not adjusted. All three pumps were calibrated with a flowmeter (TSI model 4199, TSI, Shoreview, MN, USA) immediately before and after sampling.
RESULTS
A total of 66 families were recruited for the study. In two homes equipment malfunctioned and in one home the child refused to wear the backpack. Data from these three homes were excluded from analysis, leaving 63 homes. Comparisons between samplers were performed with the Wilcoxon rank-sum test, which allows comparison of median values without the assumption of normally distributed data.
Comparison of Children's Exposure Estimates by Personal Sampler and PIPER Overall, children showed good compliance with the personal sampling. Typically, children spent no more than 1-2 min outside of the designated room during the 120-min sampling period. A summary of PM concentration data from each sampler may be found in Table 1 . PM concentration values measured by the personal sampler ranged from 105 to 1,177 μg/m 3 , with a median value of 335 μg/m 3 and an average value of 331 μg/m 3 . Personal exposure concentrations exceeding 1000 μg/m 3 were observed in two homes, whereas other values did not exceed 600 μg/m 3 and most of the observed concentrations were between 100 and 500 μg/m 3 . On PIPER, the standard Button sampler, operated at 4 l/min, measured a much narrower range of PM concentrations, with all but two values falling between 14 and 150 μg/m 3 , with a median value of 56 μg/m 3 and an average value of 73 μg/m 3 . The two highest concentration values measured by PIPER were 214 and 513 μg/m 3 . The difference in medians between the two samplers was found to be significantly different (P o 0.0001) from the Wilcoxon rank-sum test, suggesting that the two samplers' medians are statistically different with a high degree of confidence. The measured mean PM exposures did not significantly depend (at α = 0.05 level) on children's gender, sampling season, or age group (data not shown) for either the personal sampler or PIPER. Effects of Playing Patterns on PM Exposure PIPER was designed to act as a child sampling surrogate by replicating young children's movements while playing on the floor. 13 However, in contrast to PIPER, no child spent the entire sampling period on the floor. The amount of time spent sitting on the floor, sitting on a sofa or chair, and standing upright (including walking and running) varied widely among the children participating in this study. Figure 3 shows the distribution of time spent in different microenvironments (different breathing zone heights) during sampling, as estimated by the researchers. Sitting on the floor and remaining upright were much more common than sitting on a sofa or chair among the subjects sampled.
The amount of time a child spends upright vs sitting on the floor or on the sofa may also determine personal PM exposure. Figure 4a shows the amount of PM measured by the personal sampler stratified by floor type and then further subdivided by the amount of time children spent upright ( o50% vs ≥ 50%).
A much higher median PM concentration (344.3 μg/m 3 ) is seen among children in carpeted homes, who spent more time upright than the median for children who spent more time sitting (234.5 μg/m 3 ). However, the difference was not significant at the α = 0.05 level (P = 0.06). In bare floor homes, the median PM concentration exposure values for children who spent more time on their feet and those who spent more time sitting were not as different: 316.2 and 355.5 μg/m 3 , respectively; this difference was not statistically significant (P = 0.49).
Some children engaged in vigorous play (roughhousing or gymnastics) during the sampling period, which may cause additional resuspension of particles from the floor into the breathing zone. A summary of the frequency of activities observed during the sampling period can be found in Supplementary Table  3 . Figure 4b shows the PM measurements from highly active children (those who undertook at least one of these two activities during the sampling period) vs less active children. In homes with carpet, the median measured PM concentration among highly active kids was higher (344 vs 229 μg/m 3 for less active kids), although the difference was not statistically significant (P = 0.09). No significant difference was seen among PIPER's median measurements for carpeted floors (59 μg/m 3 in homes with highly active kids vs 71 μg/m 3 in homes with less active kids; P = 0.14). In bare floor homes, only one child engaged in either of the vigorous activities; hence, no comparison is possible for either sampler.
Effects of Floor Characteristics on PM Exposure
Floor type. The levels of children's PM exposure are probably influenced to some degree by the type of flooring in the room, as particles are resuspended with different efficiency depending on flooring type. 20 Unlike bare floor surfaces (e.g., tile, hard wood, and linoleum), carpeted floors act as reservoirs for PM and facilitate particle resuspension as the carpet fibers are compressed and released when they are walked on; previous studies have highlighted the increased resuspension caused by movement over carpet. [13] [14] [15] We separated the homes by floor type to look for evidence of this effect as a contributor to personal exposure. We see some indication of this in PIPER's measurements: carpeted homes had a median PM concentration of 66.1 μg/m 3 , while bare floor homes had a median of 54.1 μg/m 3 , although this difference was not significant at the α = 0.05 level (P = 0.23). No significant difference was seen in the measurements from the personal sampler as well: the median PM concentration was 280.96 μg/m Timing of most recent floor cleaning. Interestingly, the time since the last floor cleaning had a substantial effect on the PM measurements. Figure 5 shows PM concentrations as measured by the personal sampler and PIPER 4 l/min sampler stratified by floor type and time since the most recent floor cleaning (within 2 days vs more than 2 days before sampling).
As can be seen, PM concentrations measured by PIPER were consistently lower than those measured by the personal sampler for both floor types and cleaning periods ( Figure 5 ). The two samplers' median values were significantly different (P o 0.0001) when each variable was treated separately according to the Wilcoxon rank-sum test.
Parents reported that 47% (16 of 34) of carpeted homes were cleaned within 2 days of sampling, compared with 65% of bare floor homes (19 of 29). When data are not stratified by the floor type, homes reporting cleaning within 2 days (35 homes) had a higher median PM concentrations determined by the personal sampler (355.53 μg/m 3 ) than those not cleaned within 2 days (28 homes; 223.68 μg/m 3 ) and the difference was statistically significant (P = 0.015; the Wilcoxon rank-sum test). No significant difference was observed for PIPER data in this case (median concentration of 62.34 μg/m 3 for homes cleaned within 2 days vs 49.57 μg/m 3 for homes not cleaned within 2 days; P = 0.24). When the data are stratified by the floor type, a statistically significant difference (P = 0.04) in median PM concentration was seen among PIPER's measurements in bare floor homes: 61.8 μg/ m 3 among homes cleaned within 2 days of the sampling vs 42.25 μg/m 3 for homes not cleaned within 2 days. There was also a difference in median PM concentration measured by the personal sampler in homes with bare floor between the two cleaning categories: 357.0 μg/m 3 for homes cleaned within 2 days of sampling vs 272.4 μg/m 3 for homes not cleaned within 2 days, although this difference was not significant at the α = 0.05 level (P = 0.37).
In carpeted homes, the difference in median PM concentration was not statistically significant for the personal sampler's measurements (339.11 μg/m 3 for cleaning within 2 days vs 222.31 μg/m 3 for no cleaning within 2 days; P = 0.06) or PIPER's measurements (66.1 vs 62.3 μg/m 
DISCUSSION
To the best of our knowledge, there have been no other publications of studies to measure personal PM exposure of children in this age group (24-36 months). Among 10-to 13-yearolds in Windsor, Ontario, indoor activities such as watching TV, playing, and eating were associated with personal PM 2.5 exposure values of 10-30 μg/m 3 as measured with a personal photometer (model pDR (ThermoScientific, Waltham, MA, USA) personal sampler). 12 A study among adults in Detroit equipped with a pDR 1000AN personal sampler found that 1-min PM 2.5 exposure values were o35 μg/m 3 for 75% of the cases. 9 Likewise, a study in North Carolina, USA, found mean personal PM 2.5 exposure values of 33.3 μg/m 3 among adults. 10 However, the PTEAM study 21 in California, USA, measured higher values and found a 24-h median PM 10 exposure for adults was 130 μg/m 3 . In our study, both sets of measurements (the personal samples and PIPER's samples) were taken in closer proximity to the floor, where the presence of resuspended particles, especially the coarse ones, is most pronounced; plus, our measurements included inhalable particles, which may account for some of the difference compared with other studies that measured PM 2.5 or PM 10 . Particle resuspension from the floor has a less pronounced effect on older children and adults due to the larger distance between their breathing zone and this particle source. Thus, higher personal exposure concentrations observed in our study underscore the importance of better characterization of PM exposure among children.
As shown in Figure 2 , PM concentrations measured by the personal sampler were consistently higher than those measured by PIPER. There are several potential reasons for this difference. One possibility is that particles were being generated from the child's clothing or from the backpack itself as he or she moved around; a source that could not be duplicated on PIPER. McDonagh and Byne 22 discussed the possibility of particle generation from clothing in detail and found that 27-34% of particles pre-loaded onto clothing were resuspended during high physical activity. According to our observations, most children spent only a small portion of the sampling period, if any, moving in a highly active way; hence, we deem it unlikely that particle resuspension from clothing or the backpack was the main cause of the difference between concentrations observed by PIPER and personal sampler. Another possible particle source that would not be measured by PIPER is food; some children ate a snack or meal during the sampling period, which could potentially generate new particles in the breathing zone. The median ratio of PM concentration measured by the personal sampler to that measured by PIPER was higher among children who ate a snack or meal (5.74, n = 38) than those who did not eat one (4.04, n = 25). Although this difference is not statistically significantly (P = 0.203), it nonetheless indicates that particles from food contributed to higher personal PM concentrations to some degree and may partially explain some of the higher values measured by the personal sampler.
Two homes had very high PM concentration values ( Figure 2 ) as measured by the personal sampler. One of the homes also had a correspondingly high PM concentration from the sampler on PIPER, whereas the other did not. We have chosen to keep both homes in the data set, as there was no obvious sampling problem that could have caused these high values. The home that had high values on both samplers had a visibly dirty large area rug on which the child played and PIPER ran. Figure 3 shows the distribution of activity patterns among the children studied. As noted, PIPER's profiles were calculated from analysis of one cohort of 2-year-olds (n = 70) and represent the average percentage of time that children spend at each breathing zone height while on the floor. However, our results showed that 2-year-olds in this study tended to vary widely in the amount of time they spent on the floor in total and at each breathing zone height. Thus, PIPER was not always closely matching an individual child's changes in breathing zone in this study's cohort. Future studies using PIPER may use the Monte Carlo simulation method to better allow for variation in behavior of individual children. In addition, most children spent some portion of the sampling period on the sofa and this activity is potentially associated with increased exposure to PM through resuspension of particles from the sofa/chair, especially if children are not passively sitting but are engaged in motion, such as "flopping." Our tests with an optical particle counter confirmed that "flopping" and sliding on a sofa produces an increase in particles larger than 2.5 μm (data not shown). PIPER, on the other hand, was not designed to account for the time children spend sitting on chairs/sofas.
In previous studies, PIPER has measured higher PM concentrations than a stationary sampler; concentrations of inhalable PM measured with Button samplers (analogous to those used in this study) were two to three times higher on PIPER than on a stationary sampler. 13 Particle number concentration measured when PIPER was moving (relative to background levels) was also found to be higher as measured by PIPER than by a stationary sampler, 15 highlighting the importance of resuspension of particles from the floor due to people's movements. Given that the concentrations from the personal samplers in the current study are considerably higher than those measured by PIPER, it is apparent that PIPER's exposure estimates do not precisely simulate personal sampling of children, while still giving higher personal exposure estimates compared with traditional stationary sampling.
It is also possible that in certain instances personal samplers might be overestimating the actual PM exposure in young children. For example, in some homes, we observed a child lay down on the floor, causing the Button sampler to come in contact Figure 6 . PM concentrations measured simultaneously on PIPER with samplers operated at 10 (x axis) and 4 l/min (y axis).
with the carpet directly and act as a vacuum cleaner thus collecting more PM than was likely present in a child's breathing zone. Thus, although personal monitoring is accepted and used as the most accurate way to measure personal exposure in adults, this approach may need modifications due to children's particular movement patterns and contact with surfaces that act as dust reservoirs. As shown in Figure 4a , personal PM exposure for children in carpeted homes tended to be much higher among children who were upright 50% of the time or more. As the children walked or ran, they resuspended particles from the floor with greater force than they would from moving around while sitting on the floor. This may indicate that these children were not particularly active when sitting on the floor or sofa and thus not resuspending much PM from the floor or the sofa. In general, we observed that children were more likely to move around and resuspend particles, while sitting on the floor; children sitting on the sofa tended to remain mostly still and they usually sat up rather than lying down. The difference in PM concentration values between children who were upright o 50% of the time and those who moved more in bare floor homes was smaller. This result may be influenced by the fact that in homes with bare floor, children are approximately equally likely to sit on the sofa and the floor, whereas in carpeted homes children are more likely to sit on the floor. In our current study, children in carpeted rooms spent an average of 32.9% of the time on the floor and 19.3% on the couch, whereas children in bare floor rooms spent an average of 28.5% of the time on the floor and 26.2% on the couch. Figure 4b illustrates the possibility of increased PM exposure via resuspension from the floor as a consequence of highly active behaviors (roughhousing and gymnastics).
We observed a clear difference in average PM concentrations measured by the personal sampler depending on the date of the most recent floor cleaning ( Figure 5) . Surprisingly, the higher PM concentrations were seen in homes that were reported to have been cleaned more recently (the day of the sampling or the previous day) and this difference was seen both in homes with carpet and those with bare floor. The difference in the median PM concentration from the personal sampler between carpet cleaned recently vs not cleaned recently (as previously defined) was borderline statistically significant (P = 0.056). The PM concentrations from the sampler on PIPER were also higher in the carpeted homes that were cleaned closer to the sampling time, although the difference was not statistically significant (P = 0.24). It is possible that particles not removed by cleaning were nonetheless "loosened" in the cleaning process 23 and were thus more easily resuspended when the child played on the floor, as noted by Roberts et al. 24 The particles resuspended during cleaning also could have potentially settled on surfaces other than the floor, such as the sofa. Resuspension of those particles from the sofa would not have been observed by PIPER. Another possible explanation is that some residents answering the questionnaire may have felt subconscious pressure to report their last cleaning as being more recent than it actually was under social desirability bias, 25 thus placing homes whose floors had not been cleaned recently into the most recent cleaning category. This effect is likely to be random as we did not see higher PM concentration values from the sampler on PIPER among more recently cleaned homes. PIPER's measurements do show a statistically significant difference in median PM value based on the most recent cleaning in bare floor homes, but not in carpeted ones. We speculate that PIPER resuspends PM more effectively from carpeted floors than from bare floors, but not as effectively as a child does in either case. Figure 6 demonstrates that a 10-l/min air flow rate may be used with a Button sampler with relatively small difference in the measured PM concentration compared with a 4-l/min air sampling flow rate. Button samplers are designed to measure inhalable particles at a flow rate of 4 l/min. However, if higher particle mass is needed to reach above a detection limit of an analysis method, or a shorter sampling time period is desired or required for logistical reasons, our results show that PM concentration values for the Button sampler with the two flow rates are highly correlated and a 10-l/min flow rate would be acceptable. The use of a 10-l/min flow rate may be particularly useful when sampling in private residences, as this could allow for a shorter overall sampling time compared with using a 4-l/min flow rate, which may encourage participation among volunteers. However, it should be noted that the use of a flow rate that is higher than the design may affect the sampler's adherence to the inhalability curve. Thus, further testing of the Button sampler when operated at flow rates higher than 4 l/min, including testing in a wind tunnel, would be worthwhile to help understand any effect of higher flow rates on the sampler's inlet efficiency.
We find that personal PM monitoring on young children remains challenging. One child refused to wear the backpack and had to be excluded from the analysis. We do not believe that wearing the backpack with the personal sampling equipment changed the children's activity patterns; when asked if their child's play seemed typical during the sampling period, 85% of parents or guardians said "yes." In this study, our activity assessments are based on recall by the technicians. The results suggest that children's activities affect their PM exposures. However, both recall bias and variability among the three technicians may have influenced the data. A more rigorous assessment of children's activities either by videorecording and/or physical activity monitor to assess activity level would be helpful in understanding how children's activities modify their PM exposures.
The estimated PM exposures varied widely for the 2-year-old children in this study, owing to the variety of activity patterns and environmental variables encountered. Further quantification of resuspension rates due to different types of activities on the floor and from movement on a sofa may improve personal exposure estimates for young children. In addition, we demonstrate the use of PIPER as a proxy for measuring PM concentrations in a child's breathing zone. Although further refinement is needed, PIPER is an improvement over stationary samplers due to its ability to resuspend particles from the floor as children do when they move around and the location of its samplers closer to the floor. Further work on calculating adjustment factors, which consider floor type and activity patterns, may help bring PIPER's values more closely in line with the personal exposure estimates.
